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The exonuclease PNLDC1 is responsible for trimming the 3 0 end of pre-piRNAs in silkworms, a process important for the target cleavage activity of piRNAs.
INTRODUCTION
Small non-coding RNAs form the effector complex with Argonaute (Ago) family proteins and induce post-transcriptional and/or transcriptional silencing of their target genes (Castel and Martienssen, 2013; Ghildiyal and Zamore, 2009; Hutvagner and Simard, 2008; Ketting, 2011; Meister, 2013) . In animal germ cells, a class of small RNAs called PIWI-interacting RNAs (piRNAs) are highly expressed and repress the activity of transposable elements together with PIWI-clade Ago family proteins (Aravin et al., 2006; Aravin et al., 2007; Girard et al., 2006; Grivna et al., 2006; Malone and Hannon, 2009; Senti and Brennecke, 2010; Siomi et al., 2011; Vagin et al., 2006; Weick and Miska, 2014) . piRNAs are generally 23-30 nt in length with 2 0 -O-methylation at their 3 0 ends (Horwich et al., 2007; Houwing et al., 2007; Kirino and Mourelatos, 2007b; Ohara et al., 2007; Vagin et al., 2006) and are processed from long single-stranded transcripts via two distinct pathways (Beyret et al., 2012; Ghildiyal and Zamore, 2009; Luteijn and Ketting, 2013; Malone and Hannon, 2009; Senti and Brennecke, 2010; Siomi et al., 2011) .
Although the initial step of the primary biogenesis pathway still remains elusive, it is thought that long transcripts from discrete genomic regions called piRNA clusters (Brennecke et al., 2007; Li et al., 2013) are first fragmented in an endonucleolytic manner. These RNA fragments or piRNA intermediates are then loaded into PIWI-clade proteins (e.g., Piwi in flies and Mili in mice) and subsequently cleaved by the endonuclease Zucchini in flies (MitoPLD in mice) at a position 3 0 downstream of the PIWI-protected region (Han et al., 2015; Ipsaro et al., 2012; Mohn et al., 2015; Nishimasu et al., 2012) . In flies, Zucchini cleaves at $26 nt from the 5 0 end, yielding precursor piRNAs (pre-piRNAs) of almost the same size as mature piRNAs (Han et al., 2015; Mohn et al., 2015) . In mice, pre-piRNAs produced by MitoPLDmediated cleavage are $30-40 nt in length (Han et al., 2015; Mohn et al., 2015) and their 3 0 ends need to be trimmed in an exonucleolytic manner before they are matured by the methyltransferase Hen1, which adds a methyl group to the 2 0 ribose hydroxyl at the piRNA 3 0 end (Horwich et al., 2007; Kamminga et al., 2010; Kirino and Mourelatos, 2007a; Saito et al., 2007) . Zucchini/ MitoPLD-mediated cleavage not only helps to shape the 3 0 end of the upstream piRNA but also triggers the production of another downstream piRNA with the defined 5 0 end, consecutively generating ''phased'' primary piRNAs (Han et al., 2015; Mohn et al., 2015) .
In the secondary piRNA biogenesis pathway, a pair of PIWI proteins (e.g., Aubergine and Ago3 in flies and Mili and Miwi2 in mice) loaded with piRNAs of opposite strands reciprocally cleave complementary transcripts at a precise 10-nt offset via their endonucleolytic ''slicer'' activity (Aravin et al., 2008; Brennecke et al., 2007; De Fazio et al., 2011; Gunawardane et al., 2007) . The 3 0 cleavage products by one PIWI protein are loaded into the other PIWI protein with the defined 5 0 end, serving as piRNA intermediates. Subsequently, Zucchini/MitoPLD cleaves the piRNA intermediates at a position downstream of the PIWIprotected region, followed by 3 0 end trimming if the generated pre-piRNAs are longer than the mature length (Han et al., 2015; Mohn et al., 2015) . Finally, their 3 0 ends are methylated by Hen1 (Horwich et al., 2007; Kamminga et al., 2010; Kirino and Mourelatos, 2007a; Saito et al., 2007) . Also in this ''ping-pong'' piRNA amplification cycle via reciprocal target slicing by PIWI proteins, Zucchini/MitoPLD-mediated cleavage acts both in 3 0 end maturation of the upstream piRNA and in production of downstream phased primary piRNAs (Han et al., 2015; Homolka et al., 2015; Mohn et al., 2015) , thereby increasing the repertoire of piRNA species. Conversely, the requirement of Zucchini/ MitoPLD for secondary piRNA amplification can be bypassed if another neighboring ping-pong site can liberate a pre-piRNA whose length is suitable for 3 0 end trimming (Mohn et al., 2015) . We have previously proposed that a putative enzyme named ''Trimmer'' catalyzes the 3 0 end trimming of pre-piRNAs in silkworms (Kawaoka et al., 2011) . Although our biochemical analysis strongly suggested that Trimmer is a Mg 2+ -dependent 3 0 -5 0 exonuclease, the identity of Trimmer remains unknown. Recently, two independent studies reported that depletion of Papi (Tdrkh in mice), a mitochondrially localized Tudor domain protein, causes a 3 0 extension of piRNAs (Honda et al., 2013; Saxe et al., 2013) , implicating Papi/Tdrkh in pre-piRNA trimming. However, Papi/Tdrkh lacks any recognizable nuclease domains, and the molecular role of Papi/Tdrkh in the trimming reaction is unclear. Here, we identified poly(A)-specific ribonuclease (PARN)-like domain containing 1 (PNLDC1), a previously uncharacterized 3 0 -5 0 exonuclease, as silkworm Trimmer. Trimmer is enriched in the mitochondrial fraction and associates with BmPapi (Bombyx mori Papi). Intriguingly, Trimmer cannot act alone but requires the assistance of BmPapi for trimming. Without trimming, long pre-piRNAs are impaired for target cleavage and prone to degradation. These results highlight the importance of the cooperative action between Trimmer and BmPapi at the 3 0 end maturation step in silkworm piRNA biogenesis.
RESULTS

Trimming Activity Is Enriched in the Mitochondrial Fractions
We have previously established a cell-free system that recapitulates pre-piRNA loading into PIWI proteins and 3 0 end processing of PIWI-loaded pre-piRNAs by using cell extracts from BmN4, a silkworm ovary-derived cell line (Kawaoka et al., 2011) . In this system, single-stranded RNAs (ssRNAs) are first loaded into Siwi (Aubergine ortholog in silkworms) in BmN4 lysate (supernatant of 17,000 3 g centrifugation) and then the Siwi-RNA complex is immunopurified. Subsequently, insoluble BmN4 cell pellet from 1,000 3 g centrifugation (1,000 3 g ppt.) is resuspended and added to the immunoprecipitate, which causes 3 0 trimming of the Siwi-loaded RNA to the mature length (27-28 nt) and its 2 0 -O-methylation ( Figure S1A ) (Kawaoka et al., 2011) . To identify Trimmer biochemically, we first attempted to solubilize the trimming activity from the 1,000 3 g pellet fraction with various detergents; however, all attempts were unsuccessful (data not shown). To know where Trimmer is present in cells, we separated BmN4 cells into subcellular fractions (Wieckowski et al., 2009 ) and examined the trimming activity in each fraction. Except for the cytoplasmic fraction, the trimming activity was broadly detected but was enriched in the mitochondria-related fractions ( Figures   1A and 1B) . Because the mitochondrial surface is thought to be a site of piRNA biogenesis (Ketting, 2011) , we focused on the crude mitochondrial fraction, which contains all mitochondriarelated fractions. We again tried various detergents and finally succeeded in partial solubilization of the trimming activity from this fraction ( Figure S1B ). When the CHAPS-solubilized crude mitochondrial fraction was separated by a sucrose density gradient centrifugation, the trimming activity was detected in relatively heavy fractions ( Figure 1C ), implying that Trimmer forms a large complex. Intriguingly, the observed trimming activity correlated well with the distribution of BmPapi, one of Tudor domain proteins in silkworms ( Figure 1C ) (Honda et al., 2013) .
BmPapi Is Required for Efficient Pre-piRNA Trimming and Associates with Trimmer Papi was originally identified as an interactor of PIWI proteins in flies (Liu et al., 2011a) and is widely conserved among species (Honda et al., 2013; Saxe et al., 2013) . Previous studies reported that BmPapi and Tdrkh are mitochondria-associated proteins and their depletion causes 3 0 extension of mature piRNAs, suggesting their involvement in pre-piRNA trimming (Honda et al., 2013; Saxe et al., 2013) . Indeed, in our cell-free system, resuspended 1,000 3 g pellet from BmPapi knockdown BmN4 cells yielded longer trimming products (29-31 nt) than the mature length ( Figure S2A ). In addition to the incomplete trimming, BmPapi knockdown reduced the efficiency of the trimming reaction ( Figure S2A ). Conversely, increased expression of BmPapi accelerated trimming ( Figure S2B ), suggesting that BmPapi is a limiting factor for trimming in BmN4 cells. These results indicate that BmPapi is required for efficient and complete trimming of pre-piRNAs.
Besides one Tudor domain that directly binds to PIWI proteins (Chen et al., 2011) , BmPapi possesses an N-terminal transmembrane domain and subsequent two KH motifs ( Figure S2C ) (Honda et al., 2013) . To examine the requirement of each functional domain of BmPapi for the activity to promote trimming, we constructed a series of BmPapi mutants ( Figure S2C ). We overexpressed each BmPapi mutant in BmN4 cells and performed the trimming assay using the 1,000 3 g pellet fraction from those cells. Except for BmPapi-DC3 (a small C-terminal deletion), all the mutants lost the trimming-accelerating activity; rather they showed dominant negative effect on trimming if they retain the intact Tudor domain (Figures S2D-S2G ). These results suggest that the Tudor domain-mediated interaction of BmPapi with PIWI proteins is important for trimming. Because the Tudor domain of BmPapi binds to symmetrical dimethylarginine (sDMA) modifications of PIWI proteins (Honda et al., 2013) , we performed the trimming assay using Siwi-5RK, in which five potential sDMA sites were mutated to substantially weaken its binding to BmPapi ( Figure S2H ). Consistent with previous reports (Honda et al., 2013; Xiol et al., 2012) , Siwi-5RK could load ssRNAs comparable to wild-type Siwi but trimming was severely, if not completely, impaired ( Figure S2I ). This highlights the importance of the interaction between the Tudor domain of BmPapi and the sDMA modifications of Siwi for efficient trimming.
BmPapi-DN, which lacks the N-terminal transmembrane domain and is thus largely soluble ( Figures S2D and S2E ), failed to promote trimming ( Figure S2F ), suggesting that only the membrane-anchored form of BmPapi is active. Moreover, mutations in the KH motifs (Siomi et al., 1993) , which generally function in nucleic acid binding, also abrogated the activity of BmPapi in promoting the trimming reaction ( Figure S2F ), while the interaction with PIWI proteins was retained ( Figure S2G ). Together, these data suggest that BmPapi needs to bind both PIWI proteins and PIWI-loaded pre-piRNAs to support prepiRNA trimming.
Because the distribution of BmPapi correlated well with the trimming activity ( Figure 1C ), we hypothesized that BmPapi associates with Trimmer to bring pre-piRNA-loaded PIWI proteins and Trimmer together. If so, the purified BmPapi complex should exhibit the trimming activity. To test this, we immunoprecipitated Equal amounts of total protein in each fraction were loaded. Histone H3, a-Tubulin, and Tom20 were used as fraction markers of nucleus, cytoplasm, and mitochondria, respectively. The crude mitochondrial (crude-mito) fraction was further separated into MAM-mito, Pure-mito, and MAM fractions. MAM, mitochondria associated membrane; Lyso/PM, lysosome and plasma membrane; ER, endoplasmic reticulum. Mitochondria enriched fractions were indicated in red. BmPapi and Trimmer are enriched in the mitochondria-containing fractions. (B) In vitro trimming assay using fractionated BmN4 cell lysate with an equal protein concentration. The mitochondria-containing fractions showed high trimming activity. (C) CHAPS-solubilized crude mitochondrial (crude-mito) fraction prepared from BmPapi-FLAG stable cells was separated by 10%-35% sucrose density gradient centrifugation. In vitro trimming assay was performed using each fraction (top). The distribution of BmPapi and Trimmer was analyzed by western blotting (middle). Total protein level in each fraction is shown (bottom). The distribution of BmPapi and Trimmer correlated well with the trimming activity. The fractions with high trimming activity are indicated in red. (D) CHAPS-solubilized crude mitochondrial (crude-mito) fractions were prepared from naive BmN4 or BmPapi-FLAG stable cells and subjected to immunoprecipitation with anti-FLAG antibody. In vitro trimming assay was performed using CHAPS-solubilized crude-mito fraction (IP input, left) or FLAG immunoprecipitates (right). The BmPapi-FLAG complex showed clear trimming activity. (E) The immunopurified BmPapi-FLAG complex was resolved by SDS-PAGE and stained with Oriole fluorescent gel stain reagent. Four 3 0 -5 0 exonucleases identified by mass spectrometry in the BmPapi-FLAG complex are shown in red. Details are shown in Table S1 .
(F) BmN4 cells were transfected with dsRNAs for Trimmer candidates. In vitro trimming assay was performed using 1,000 3 g pellet fractions. For BGIBMGA003312, two different dsRNAs were used (#1 and #2). Knockdown efficiency is shown in Figure S1C . Mock indicates BmN4 cells transfected with dsRNAs for Renilla luciferase. Only the knockdown of BGIBMGA006602 decreased the trimming activity similarly to BmPapi knockdown. See also Figures S1 and S3 and Table S1 .
BmPapi from the CHAPS-solubilized crude mitochondrial fraction and performed the trimming assay. As expected, we detected a trimming activity in the immunoprecipitate ( Figure 1D ), indicating that Trimmer exists in this BmPapi complex. Encouraged by this result, we analyzed proteins contained in the complex by mass spectrometry and identified four 3 0 -5 0 exonucleases, together with two PIWI proteins, Siwi and BmAgo3, and the methyltransferase BmHen1 ( Figure 1E ; Table S1 ).
PNLDC1 Is Trimmer the Pre-piRNA 3
0 Trimming Enzyme in Silkworms To determine which of the four exonucleases is Trimmer, we next knocked down each nuclease by double-stranded RNAs (dsRNAs) and examined the effects on the trimming activity in vitro. Strikingly, knockdown of BGIBMGA006602 (PNLDC1: PARN-like domain containing 1) but not others strongly inhibited the trimming activity ( Figures 1F and S1C ). PNLDC1 is a previously uncharacterized 3 0 -5 0 exonuclease belonging to the CAF1 superfamily. While the nuclease domain of PNLDC1 shows 29% identity to that of BmPARN, it has an additional putative transmembrane domain at the C-terminal end (Figures 2A, S3A, and S3B) . PNLDC1 seems to be conserved in mice and humans; however, no clear PNLDC1 ortholog is found in flies, worms, and zebrafish ( Figure S3 ; see also Discussion).
To confirm that PNLDC1 is Trimmer, we generated an antibody against PNLDC1 and investigated its subcellular (B) PNLDC1 was immunoprecipitated from CHAPS-solubilized crude mitochondrial fraction and analyzed by western blotting (top). In vitro trimming assay was performed using the immunoprecipitated PNLDC1 complex (bottom). PNLDC1 co-purified BmPapi and the PNLDC1 complex showed clear trimming activity. (C) BmN4 cells were transfected with plasmids expressing wild-type or catalytically inactive (E30A) PNLDC1, and the cell lysates were analyzed by western blotting (top). In vitro trimming assay was performed using 1,000 3 g pellet fraction (bottom). While overexpression of wild-type PNLDC1 did not increase the cellular trimming activity, overexpression of E30A mutant strongly inhibited trimming. (D) BmPapi and wild-type or catalytically inactive (E30A) PNLDC1 were expressed in Drosophila S2 cells, and the cell lysates were analyzed by western blotting (top). In vitro trimming assay was performed using 1,000 3 g pellet fraction from the S2 cells (bottom). The trimming activity was reconstituted only when BmPapi and wild-type PNLDC1 were co-expressed. (E and F) BmN4 cells were transfected with dsRNA for BmPapi and/or PNLDC1 and the cell lysates were analyzed by western blotting (E). In vitro trimming assay was performed using 1,000 3 g pellet fraction (F). Double knockdown of BmPapi and PNLDC1 additively inhibited the trimming reaction. See also Figure S2. distribution. As expected, PNLDC1 was enriched in the mitochondria-related fractions ( Figure 1A ) and its distribution on sucrose density gradient correlated fairly well with the trimming activity ( Figure 1C) . Intriguingly, we observed a clear band-shift of PNLDC1 in heavy fractions ( Figure 1C ), implying its posttranslational modification. For further verification, we immunoprecipitated PNLDC1 from CHAPS-solubilized crude mitochondrial fraction and detected co-precipitation of BmPapi and a clear trimming activity in the immunopurified complex ( Figure 2B ). Unlike BmPapi ( Figure S2B ), overexpression of PNLDC1 did not accelerate in vitro trimming ( Figure 2C ), consistent with the notion that BmPapi, rather than PNLDC1, is a limiting factor for trimming in BmN4 cells. However, overexpression of the catalytically inactive E30A mutant of PNLDC1 strongly inhibited the trimming reaction ( Figure 2C ), supporting the idea that PNLDC1 is the responsible nuclease for pre-piRNA trimming.
Full-length BmPapi and PNLDC1 were insoluble in E. coli, precluding experiments using purified recombinant proteins. Instead, we ectopically expressed these two silkworm proteins in Drosophila somatic S2 cells, whose naive lysate or 1,000 3 g pellet lacks the trimming activity ( Figure 2D ; data not shown). Importantly, when wild-type PNLDC1 (but not its catalytic mutant) and BmPapi were co-expressed in S2 cells, the trimming activity was reconstituted ( Figure 2D ). Similarly, co-expression of mouse PNLDC1 and Tdrkh in HEK293T cells also reconstituted the trimming activity to Mili-loaded 50-nt ssRNA ( Figure S2J ). Thus, the trimming reaction depends on both PNLDC1 and BmPapi/Tdrkh across species (see below for Discussion).
To further analyze the relationship between BmPapi and PNLDC1, we compared the effects of their single knockdown and double knockdown ( Figure 2E ). Depletion of BmPapi or PNLDC1 alone markedly inhibited the trimming reaction (Figure 2F ) without affecting the level of the other protein ( Figure 2E ). The inhibitory effect on the in vitro trimming reaction was further enhanced by their double knockdown ( Figure 2F ), indicating their cooperative action in trimming. On the basis of the above observations, we concluded that PNLDC1 is Trimmer the pre-piRNA trimming enzyme in silkworms (hereinafter we call PNLDC1 ''Trimmer'') and that Trimmer requires BmPapi as a partner protein for its function.
Depletion of BmPapi and Trimmer Causes 3
0 Extension and Reduction of piRNAs To confirm that Trimmer functions in pre-piRNA trimming in vivo, we next investigated the effect of Trimmer knockdown on the length of endogenous piRNAs. To this end, we first immunoprecipitated FLAG-Siwi or FLAG-BmAgo3 from stable cells with BmPapi and/or Trimmer knockdown and analyzed Siwi-or BmAgo3-bound RNAs in bulk by dephosphorylating and 32 P-radiolabeling their 5 0 ends. Consistent with the reduced trimming activity in vitro ( Figures 1F and 2F) , both Siwi-and BmAgo3-bound piRNAs in Trimmer or BmPapi knockdown were longer than those in the mock knockdown ( Figure 3A ). In addition, the abundance of piRNAs was decreased in the absence of BmPapi ( Figure 3A) . Because bulk radiolabeling is limited in resolution, we next performed northern blotting for piRNA-1 and piRNA-2, which are known to predominantly bind to Siwi and BmAgo3, respectively (Honda et al., 2013) . We confirmed that BmPapi knockdown and Trimmer knockdown extend the length of both piRNAs without affecting that of let-7 microRNAs (miRNAs) ( Figure 3B ). Intriguingly, double knockdown of BmPapi and Trimmer resulted in accumulation of longer RNA species around $35-40 nt for both piRNA-1 and piRNA-2 (Figure 3B, arrowhead) . These longer populations most likely correspond to pre-piRNAs generated via cleavage by the endonuclease Zucchini or by slicing at a neighboring ping-pong site (see below and Discussion). Extension of the piRNA length was also caused by simply overexpressing catalytically inactive Trimmer (E30A) (Figures 3C and 3D) . These results demonstrated that Trimmer acts in endogenous pre-piRNA trimming together with BmPapi in BmN4 cells.
To further characterize the elongated piRNA species, we deeply sequenced $25-45-nt small RNAs from cells with BmPapi and/or Trimmer knockdown and analyzed the obtained reads that were mapped to 1,811 transposons in the silkworm genome (Table S2 ) (Osanai-Futahashi et al., 2008) . As observed in biochemical analysis of bulk and individual piRNAs ( Figures  3A-3D ), double knockdown of BmPapi and Trimmer resulted in a remarkable shift of the RNA length distribution compared to the mock knockdown ( Figure 3E ). This was due to the extension of the 3 0 ends; the 5 0 ends were fixed and shared between the two libraries ( Figures 3F and S4A ). The same trend was also observed in single knockdown of BmPapi or Trimmer ( Figures  S4B and S4C) . To investigate the putative pre-piRNA population detected in the northern blot analysis ( Figures 3B and 3D) , we prepared longer RNA libraries ($35-45 nt) from cells with mock knockdown and BmPapi and Trimmer double knockdown. Although there was substantial contamination of mature piRNAs, a longer population peaking at $36 nt was apparent in the double knockdown library ( Figure 3G ). Again, their 5 0 ends were fixed and shared while the 3 0 extended $36-nt population was markedly increased by the double knockdown ( Figure 3H ). These results strongly suggest that these longer RNA species correspond to pre-piRNAs before 3 0 end trimming.
Mature piRNAs Cleave Target RNAs More Efficiently Than Pre-piRNAs
To explore the functional significance of pre-piRNA trimming in the silencing activity, we next performed target cleavage assay with or without the trimming reaction. In this assay, we used a 50-nt single-stranded guide RNA to load into Siwi and prepared two target RNAs, 28-perfect and 50-perfect, which harbor a perfectly complementary target site corresponding to 1-28 nt or 1-50 nt of the guide RNA, respectively ( Figure 4A ). To monitor guide trimming and target cleavage simultaneously, both the guide RNA and target RNA were radiolabeled. We first loaded the guide RNA into FLAG-Siwi and incubated with buffer alone (trimming À) or 1,000 3 g pellet suspension for trimming (trimming +). We then compared the target cleavage efficiency between the $50-nt untrimmed and $28-nt trimmed guide RNAs loaded in Siwi. For both 28-perfect and 50-prefect targets, the trimmed guide RNA with the mature piRNA length showed $3-to 4-fold higher cleavage activity than the untrimmed guide RNA ( Figures 4B and 4C ). These results indicate that 3 0 end trimming is important to exert full silencing activity of piRNAs. See also Figure S4 and Table S2 .
Pre-piRNA Trimming Stabilizes piRNAs Partly via 2 0 -O-methylation Although a previous study reported that BmPapi knockdown had no impact on the piRNA level (Honda et al., 2013) , we observed severe reduction of piRNAs when BmPapi was depleted ( Figures  3A and 3B) . We reason that this difference is due to our efficient and long-term knockdown method via multiperiodic repetitive dsRNA transfection (see Experimental Procedures). One possible explanation for the piRNA reduction in BmPapi depletion is that BmPapi stabilizes PIWI proteins and their piRNAs through the protein-protein interaction between BmPapi and PIWI proteins. On the other hand, piRNA levels appeared lower in BmPapi and Trimmer double knockdown than in BmPapi single knockdown ( Figures 3A and 3B) , suggesting a contribution of Trimmer to piRNA stability. Indeed, deep sequencing analysis of $25-45-nt small RNAs (Table S2 ) revealed that transposonderived piRNA levels were globally decreased in BmPapi and Trimmer double knockdown compared to those in BmPapi single knockdown ( Figures S4D and S4E ). These observations raise a possibility that insufficient pre-piRNA trimming per se can also cause a reduction of piRNAs.
The methyltransferase Hen1 catalyzes 2 0 -O-methylation at the 3 0 ends of piRNAs, which is generally thought to stabilize piRNAs (Billi et al., 2012; Horwich et al., 2007; Kamminga et al., 2010; Kurth and Mochizuki, 2009; Montgomery et al., 2012) , and we have previously shown that 2 0 -O-methylation is coupled with the trimming reaction in vitro (Kawaoka et al., 2011) . Therefore, we speculated that impaired pre-piRNA trimming decreases the efficiency of 2 0 -O-methylation, which may partly explain destabilization of piRNAs in the absence of BmPapi and Trimmer. To test this idea, we first asked how long piRNAs can be 2 0 -O-methylated after trimming in vitro. We prepared 50-nt RNA substrates harboring a phosphorothioate linkage at different positions from 29 to 31 to block trimming halfway and examined whether the 3 0 end of the trimming products is 2 0 -Omethylated. Judging from the band shift after treating with NaIO 4 followed by b-elimination, the 30-nt trimming product of 1U-50-29PS (phosphorothioate linkage between positions 29 and 30) were fully 2 0 -O-methylated ( Figure 4D ), even though they were $3 nt longer than typical $27-nt mature piRNAs. In contrast, the 32-nt trimming product of 1U-50-31PS remained completely unmodified ( Figure 4D ). About half of the 31-nt trimming products of 1U-50-30PS were 2 0 -O-methylated ( Figure 4D ). Thus, 31 nt appears to be the border length for efficient 2 0 -Omethylation coupled to trimming in vitro. This is consistent with the fact that the R31-nt population of piRNAs is low in vivo (Figure 3E) . In fact, prominent 28-29-nt piRNAs remaining after knockdown of BmPapi and/or Trimmer (Figures 3E and S4B) were fully 2 0 -O-methylated ( Figure 4E ), conversely suggesting that longer species are prone to degradation likely due to the lack of 2 0 -O-methylation. Supporting this idea, blocking 2 0 -Omethylation by BmHen1 knockdown caused degradation of piRNA-1 and piRNA-2 ( Figures 4F and 4G) , consistent with previous reports in other animals (Billi et al., 2012; Horwich et al., 2007; Kamminga et al., 2010; Kurth and Mochizuki, 2009; Montgomery et al., 2012) . Thus, inhibition of pre-piRNA trimming can cause the reduction of piRNAs at least in part due to the absence of 2 0 -O-methyl protection in longer RNA species.
DISCUSSION
Trimmer and Papi Cooperatively Act in 3 0 End Trimming of Pre-piRNAs We had previously found that the pre-piRNA 3 0 trimming activity is enriched in the insoluble fraction of BmN4 cells (Kawaoka et al., 2011) . However, its insoluble nature has made it extremely challenging to identify Trimmer using biochemical approaches. In this study, we identified PNLDC1 as Trimmer in silkworms. The following lines of evidence support this conclusion: (1) knockdown of PNLDC1 or overexpression of its catalytically inactive mutant inhibited trimming and extended 3 0 ends of piRNAs in BmN4 cells as well as in our cell-free system; (2) immunopurified PNLDC1 complex exhibited the trimming activity; and (3) ectopic expression of PNLDC1 together with BmPapi in Drosophila S2 cells reconstituted the trimming activity.
The key to the identification of Trimmer was to focus on the mitochondrial fraction and the mitochondrial Tudor protein Papi. Unfortunately, our Trimmer antibody was unsuitable for immunostaining, and N-or C-terminal tagging of Trimmer hindered its expression in BmN4 cells (data not shown), precluding fluorescent imaging of the intracellular localization. However, the existence of the transmembrane domain and the subcellular fractionation analysis ( Figures 1A, 2A, S3A , and S3B) strongly suggest that Trimmer is associated with the mitochondrial surface, similar to other piRNA biogenesis factors including Zucchini/MitoPLD and BmPapi/Tdrkh (Honda et al., 2013; Huang et al., 2011; Saito et al., 2010; Saxe et al., 2013; Watanabe et al., 2011) . Therefore, the mitochondrial surface provides the ''platform'' for at least a part of piRNA biogenesis, presumably by highly concentrating and appropriately arranging relevant factors. This is reminiscent of tRNA biogenesis in yeast, in which enzymes required for pre-tRNA splicing localize on the mitochondrial surface (Yoshihisa et al., 2003) . Since overexpression of BmPapi but not that of wild-type Trimmer enhanced the basal efficiency of pre-piRNA trimming in BmN4 cells ( Figures 2C and  S2B) , recruitment of PIWI proteins and their bound pre-piRNAs in proximity to Trimmer on the mitochondrial surface is likely a rate-limiting step in trimming. Indeed, many BmPapi mutants showed a dominant negative effect in trimming in vitro, but only if they can bind to PIWI proteins via the intact Tudor domain (Figures S2C and S2F) . Moreover, mutating the sDMA modification sites of Siwi (5RK), thereby weakening the interaction between BmPapi and PIWI proteins, inhibited the in vitro trimming reaction ( Figures S2H and S2I ). This inhibitory effect was not complete, however, as there remained a small amount of the trimming product with the 5RK mutant. This is in line with previous observations that the BmPapi-Siwi interaction is not solely dependent on the Siwi sDMA modifications and that the Siwi sDMAs are not a prerequisite for trimming in BmN4 cells (Honda et al., 2013; Xiol et al., 2012) . Perhaps, the sDMA-mediated interaction between BmPapi and PIWI proteins is not essential but facilitates trimming by Trimmer.
The KH motifs (Siomi et al., 1993) , which generally function in nucleic acid binding, were required for BmPapi to accelerate trimming in vitro ( Figures S2C and S2F) , suggesting that BmPapi not only binds to PIWI proteins but also to PIWI-loaded prepiRNAs. Given that BmPapi interacts with Trimmer (Figures 1E, (legend continued on next page) 2B, and S2G), we envision that BmPapi bridges PIWI proteins, their bound pre-piRNAs, and Trimmer together, thereby making the pre-piRNA 3 0 end accessible to Trimmer ( Figure 4H ). The fact that reconstitution of the trimming activity in S2 cells requires coexpression of Trimmer and BmPapi ( Figure 2D ) also supports this model. After trimming, the 3 0 end of piRNAs is 2 0 -O-methylated, which completes piRNA maturation (Billi et al., 2012; Horwich et al., 2007; Kamminga et al., 2010 Kamminga et al., , 2012 Kawaoka et al., 2011; Kurth and Mochizuki, 2009; Montgomery et al., 2012; Saito et al., 2007) . Indeed, we identified the methyltransferase BmHen1 in the BmPapi complex ( Figure 1E ). However, it remains to be investigated why 2 0 -O-methylation occurs in a manner coupled to trimming.
piRNA 3
0 End Trimming in Other Animals We identified PNLDC1, a homolog of PARN, as silkworm Trimmer. Although we could not detect obvious contribution of canonical BmPARN in pre-piRNA trimming in our vitro system ( Figure S1D ), in worms, PARN-1, one of the two canonical PARN homologs, has been identified as the 3 0 end trimming enzyme for worm-specific piRNAs called 21U-RNAs (Tang et al., 2016 [this issue of Cell] ). Intriguingly, fission yeast possesses a Dicer-independent small RNA biogenesis pathway, in which the 3 0 end of Ago1-loaded longer precursor RNAs is trimmed by Triman, a PARN homolog exonuclease (Marasovic et al., 2013) . In addition, in vertebrates, canonical PARN participates in trimming of Ago2-cleaved miR-451 precursor hairpin (Yoda et al., 2013) . Thus, PARN and PARN-like nucleases seem to act widely in the maturation of small RNAs. However, Trimmer is unique in the sense that it requires the partner protein Papi on the mitochondrial surface for its function.
Curiously, flies lack both PNLDC1 and canonical PARN. However, it was recently reported that the loss of Nibbler (Nbr), a 3 0 -5 0 exonuclease that was originally characterized as the 3 0 end trimming enzyme for Ago1-loaded miRNAs to generate shorter miRNA isoforms (Han et al., 2011; Liu et al., 2011b) , causes $1-nt elongation of a subset of piRNAs in flies (Feltzin et al., 2015) , implicating Nbr as the fly pre-piRNA trimming enzyme. In contrast, mice lack the Nbr ortholog EXD3 (exonuclease domain containing 3) but possess PNLDC1 and PARN. According to BioGPS (http://biogps.org) (Wu et al., 2009) , PNLDC1 is highly expressed in mouse testes, suggesting its role in the piRNA pathway. Supporting this, we could reconstitute a trimming activity toward Mili-loaded 50-nt ssRNAs in 293T cells by co-expressing mouse PNLDC1 and Tdrkh ( Figure S2J) , as is the case for Trimmer and BmPapi in silkworms. Future studies will be needed to confirm the role of PNLDC1 in mouse piRNA biogenesis.
By inhibiting trimming, we detected an accumulation of $35-40-nt pre-piRNAs, which have extended 3 0 ends relative to mature piRNAs ( Figures 3B, 3D , 3G, and 3H). Deep sequencing analysis suggested that pre-piRNAs exist at a low level in naive BmN4 cells but become more prominent by the double knockdown of BmPapi and Trimmer ( Figures 3G and 3H) . In flies and mice, the 3 0 end of pre-piRNAs is defined by Zucchini/MitoPLDmediated cleavage at a downstream U residue or via piRNAguided slicing at another neighboring ping-pong site (Han et al., 2015; Homolka et al., 2015; Mohn et al., 2015) . We have found evidence that at least a part of silkworm pre-piRNAs have a downstream U bias just like fly and mouse pre-piRNAs (K.S., N.I., Y.T., and S.K., unpublished data). In addition, a recent study showed that target cleavage by BmAgo3 can trigger primary piRNA production from the target transcript downstream of the Siwi-loaded ping-pong partner piRNA in BmN4 cells (Homolka et al., 2015) , suggesting that the pre-piRNA generating mechanism is conserved among species. However, there is a clear difference in the pre-piRNA lengths; the length of prepiRNAs in silkworms is similar to that in mice ($30-40 nt) but much longer than that in flies, in which pre-piRNAs are on average only $0.35 nt longer than mature piRNAs (Han et al., 2015; Homolka et al., 2015; Mohn et al., 2015) . Such difference in the pre-piRNA length may be related to which nuclease(s) is mainly used for 3 0 end trimming. 
Antibodies
Rabbit anti-Trimmer (PNLDC1) and anti-BmPapi antibodies were generated by immunizing N-terminally His-tagged recombinant PNLDC1 (amino acids 1-223) (MBL) or a synthetic peptide (CGGRSSSVPKDHKDD; GenScript) deriving from BmPapi, respectively. Other antibodies are described in Supplemental Experimental Procedures.
In Vitro Assay for Pre-piRNA Processing The sequences of substrate RNAs, in vitro pre-piRNA loading, trimming, NaIO 4 -mediated oxidation, and b-elimination were described previously (Kawaoka et al., 2011) . For the trimming assay, lysates with an equal protein concentration were used in each experimental set.
Preparation of Cell Lysate and Sucrose Density Gradient Centrifugation Preparation of crude mitochondrial fraction was performed according to previous literature (Wieckowski et al., 2009 ). The crude mitochondrial pellet was resuspended in two volumes of mitochondria resuspending buffer (MRB) (5 mM HEPES-KOH [pH 7.4], 250 mM mannitol, 0.5 mM EGTA, 0.5 mM DTT, 1 3 Complete EDTA-free protease inhibitor [Roche] ) and extracted proteins (F and G) BmN4 cells were transfected with dsRNA for BmHen1 and total RNAs were extracted. The mRNA level of BmHen1 was analyzed by quantitative realtime PCR (F). piRNA-1 and piRNA-2 were detected by northern blotting (G). let-7 miRNA was used as a loading control. BmHen1 knockdown leads to degradation of piRNAs. Mock indicates BmN4 cells transfected with dsRNAs for Renilla luciferase. (H) A model for piRNA 3 0 end maturation in silkworms. BmPapi recruits pre-piRNA-loaded PIWI protein to the mitochondrial surface in part via the sDMA modification. BmPapi also binds to pre-piRNAs through its KH motifs and creates an optimal platform for trimming. Trimmer trims the 3 0 end of pre-piRNAs to the mature length by the assistance of BmPapi. Coupled to trimming, the piRNA 3 0 end is finally 2 0 -O-methylated by BmHen1.
by adding CHAPS at the final concentration 0.35%. The soluble fraction was obtained by centrifugation at 14,000 3 g for 30 min at 4 C. For sucrose density gradient centrifugation, the solubilized crude mitochondrial fraction was placed at the top of a 10-35% discontinuous sucrose gradient and was centrifuged in a Beckman SW-41 rotor at 38,000 rpm for 16.5 hr at 4 C.
Immunoprecipitation
For BmPapi-FLAG immunoprecipitation, the solubilized crude mitochondrial fraction was diluted with an equal volume of MRB (5 mM HEPES-KOH [pH 7.4], 250 mM mannitol, 0.5 mM EGTA, 0.5 mM DTT, 1 3 Complete EDTA-free protease inhibitor [Roche]) supplemented with 50 mM NaCl at the final concentration. After incubation with anti-FLAG antibodies bound to Dynabeads protein G (Thermo Fisher) for 2 hr at 4 C, the immunoprecipitates were washed with MRB supplemented with 150 mM NaCl and 0.1% CHAPS, and eluted with 3 3 FLAG peptides (Sigma). Trimmer immunoprecipitation was performed similarly and the immunocomplex was eluted by SDS sample buffer. FLAG-Siwi and FLAG-BmAgo3 immunoprecipitation was described previously (Kawaoka et al., 2009 ). For immunoprecipitation of BmPapi mutants ( Figure S2G ) and Siwi-5RK ( Figure S2H ), plasmid-transfected cells were resuspended in NT buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1.5 mM MgCl 2 , 8% glycerol, 0.05% NP-40, 0.1% Triton X-100, 1 mM DTT, 1 3 Complete EDTA-free protease inhibitor [Roche] ) and incubated on ice for 30 min. The soluble fraction was obtained by centrifugation at 17,000 3 g for 30 min at 4 C.
After incubation with anti-FLAG antibody conjugated on Dynabeads protein G (Thermo Fisher) at 4 C for 2 hr, the immunoprecipitates were washed with NT buffer without 0.1% Triton X-100, and eluted with 3 3 FLAG peptides (Sigma).
Target Cleavage Assay
Loading and trimming for cleavage assay were performed essentially as described before (Kawaoka et al., 2011) , except that 0.5 mM 5 0 -32 P-radiolabled guide RNA (UCGAAGUAUUCCGCGUACGUUAUGCUAGCUGAUCCUGACC GCUGAGUCGU) was used for loading. After trimming, FLAG-Siwi bound beads were washed with lysis buffer (30 mM HEPES-KOH [pH 7.4], 100 mM KOAc, 2 mM Mg(OAc) 2 ) containing 0.1% (v/v) Empigen (Sigma) five times, rinsed with lysis buffer, and divided into two halves for 28-perfect and 50-perfect target RNAs. Target cleavage was performed with respective 1 nM 32 P cap-radiolabeled target RNAs at 25 C for 4 hr. Detailed information is described in Supplemental Experimental Procedures.
RNA Sequencing
Small RNA libraries were prepared from $25-45-nt or $35-45-nt total RNAs using Small RNA Library Preparation kit (Illumina) and analyzed by Illumina HiSeq 2500 platform. Detailed informatic analysis is described in Supplemental Experimental Procedures.
ACCESSION NUMBERS
The accession numbers for the deep sequencing data reported in this paper are DDBJ: DRA003745-DRA003750. 
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